Introduction
The blood-testis barrier (BTB) is established between adjacent Sertoli cells (SCs) and divides the seminiferous epithelium into basal and adluminal compartments. Hence, as the latter is isolated from the vascular and lymphatic vessels, the passage of nutritional and survival molecules into the adluminal compartment is strictly regulated by the BTB. Post-meiotic germ cells become therefore dependent on SC dynamics and BTB formation and function (Gerber et al., 2016) . Moreover, the isolation of the adluminal compartment creates an environment where post-meiotic cells are protected against immunological attacks and auto-antibody formation related to the surface antigens they express, thus preventing infertility due to production of anti-sperm antibodies (Francavilla et al., 2007; Fijak et al., 2011) .
The BTB includes different components, like adhesion and adapter proteins, as well as tight and gap junctions proteins, which are involved in its formation and regulation and therefore play a vital role in the testis microenvironment (Gerber et al., 2016) . Indeed, gap junctions allow direct connections between the cytoplasm of adjacent cells (SCs-SCs and SCs-germ cells) which allow the passage of small molecules (Harris, 2007; Kumar and Gilula, 1996; Mese et al., 2007) , and tight junctions create a polarity between the basal and adluminal compartments forming an impermeable intercellular barrier which is able to restructure cyclically to allow preleptotene spermatocytes to pass from the basal to the apical compartment (Cardoso et al., 2010; Steed et al., 2010) . When spermatocytes cross over, old junctions disappear and new junctions assemble simultaneously behind germ cells (Cheng and Mruk, 2012; Fawcett, 1961; Lie et al., 2013; Miething, 2010) .
In mammals, the main components of tight junctions and gap junctions are claudin 11 and connexin 43, respectively (Cheng and Mruk, 2012) (Gilleron et al., 2009) , and their interaction as well as their spatial arrangement are required to complete spermatogenesis (Lie et al., 2009; Cheng, 2004, 2008) . In claudin 11 and connexin 43 knock-out (KO) mice, SCs are detached from the basement membrane and germ cells are unable to differentiate beyond the spermatocyte stage with consequent infertility (Mruk and Cheng, 2015) . In rats, BTB development is initiated between 10 and 25 days post-partum, during pubertal transition, and it coincides with the arrest of SC proliferation (and their subsequent maturation) and the first wave of spermatogenesis, with the differentiation of preleptotene spermatocytes into zygotene and pachytene spermatocytes (Harris, 2007) .
In humans, a number of reports highlight that the spatial expression patterns of connexin 43 and claudin 11 are impaired in men with compromised spermatogenesis, suggesting that a proper establishment of the BTB is required for normal differentiation of germ cells. Indeed, biopsies from azoospermic men with spermatogenic arrest at the level of spermatogonia (SG) showed a lack of connexin 43 with an expression pattern close to that in anormal adult testis under spermatogenic arrest at the level of round spermatids or spermatocytes (Steger et al., 1999) . Moreover, claudin 11 expression was altered in adult men with spermatogonial arrest (Stammler et al., 2016) or those affected by testicular intraepithelial neoplasia (Fink et al., 2009) .
The spatio-temporal establishment of the BTB in vitro has been investigated in mice in a recent study by Rondanino et al. (2017) , who showed that, in organotypic culture of prepubertal testicular tissue, the expression and proper expression pattern of the BTB proteins claudin 3, claudin 11, zonula occludens 1 and connexin-43 took place at the same pace as in in vivo control mice. Moreover, complete spermatogenesis only occurred in seminiferous tubules (STs) showing an intact BTB.
However, to the best of our knowledge, there is no information concerning the expression of connexin 43 and claudin 11 in pre-and peripubertal boys, either in vivo and in vitro.
The objective of our study was therefore to explore the possibility of achieving in vitro expression of claudin 11 and connexin 43 BTB proteins in human prepubertal testicular tissue using a long-term organotypic culture system and to compare our observations to the expression of these proteins in samples from a large cohort of preand peripubertal boys, as an in vivo control population. This is the first report showing BTB protein expression in immature testicular tissue (ITT), cultured and not, therefore overcoming the lack of knowledge about BTB formation in humans.
Materials and Methods

Study design
The study was designed to investigate the BTB formation in fixed ITT retrieved from a large (71 patients) cohort of pre-and peripubertal boys, and in frozen-thawed and cultured ITT retrieved from three prepubertal boys. The assessment of the BTB in in vitro culture is part of a complementary subanalysis of our previously reported long-term organotypic culture system for ITT .
Source of human tissue
Paraffin embedded testicular tissue samples (stored in the anatomopathological department), from 71 patients aged 0-16 years who underwent a testicular biopsy to preserve their fertility before gonadotoxic treatment from 2005 to 2014, were selected to study the in vivo establishment of the BTB. Clinical characteristics of the patients were recorded from medical files. The urogenital history and information on sexual maturity using Tanner stages (Nielsen et al., 1986) was prospectively obtained and added to the medical file during the consultation to explain the different strategies of fertility preservation before testicular biopsy as part of patient's management in our pre-peripubertal fertility preservation pilot program (Wyns et al., 2011) .
Fixed ITT fragments from three prepubertal patients (2-12 years), and cultured for 139 days in an organotypic culture system , were used to perform complementary analyses on the in vitro establishment of the BTB.
Samples from patients with a history of urogenital diseases relevant to fertility (cryptorchidism, testicular neoplasia and testicular torsion) and with known genetic abnormalities were excluded.
The testicular tissues had been retrieved from pre-and peripubertal boys referred for fertility preservation in our department by pediatric hematologists and oncologists before gonadotoxic treatments. In all cases, parents or legal guardians signed an informed consent form for cryobanking both for clinical application and research purposes. The child's assent was only required if he was mature enough to understand the procedure. At the time of testicular biopsy, a fresh fragment was fixed in paraformaldehyde (PFA 4%, VWR, Leuven, Belgium) for 24 h and embedded in paraffin for anatomopathological evaluation.
For the culture experiment previously described, ITT samples from three deceased patients were selected . Patients' ages were 2, 11 and 12 years. Their clinical characteristics and the anatomopathological analyses of the retrieved tissue were also previously reported .
Regarding the cohort of pre-peripubertal boys acting as in vivo controls, we used fixed fragments from 71 patients aged 0-16 years since longitudinal studies in the same patient cannot be performed for evident reasons.
All experiments were approved by the ethics review board of the Catholic University of Louvain and Cliniques universitaires Saint Luc.
Tissue handling for in vitro assessment of the BTB
Testicular tissue cryopreservation and thawing
Fragments used for the culture were frozen-thawed testis tissue samples of 1-5 mm 3 . Freezing and thawing procedures were previously described and these resulted in a good tissue and cell integrity, cell proliferation and initiation of spermatogonial differentiation (Poels et al., 2013; Wyns et al., 2007 Wyns et al., , 2008 .
Organotypic culture and harvesting of tissue samples and culture supernatants
As already described in our previous paper (de , we cultured ITT fragments in two different culture media, the first (M1) was enriched in testosterone propionate (Ref 610621, Fagron, Belgium) Fragments were retrieved for analysis on days 0, 1, 3, 10, 16, 27, 32, 53, 64 and 139 and fixed in PFA 4% for 24 h to be embedded in paraffin. Sections of-5μm thickness, mounted on Superfrost Plus slides (VWR, Belgium), were used for immunohistochemistry (IHC). SC maturation and functionality were previously demonstrated in both media. Briefly, maturation of SCs was assessed via a decreasing immunostaining for antiMullerian hormone (AMH) as a marker of SC differentiation since it is strongly expressed in immature SC and it decreases along with SC maturation. This was further corroborated by reduced AMH levels in supernatants, the presence of androgen receptors (AR) and SC proliferation arrest (Sharpe et al., 2003) .
Histological and immunohistochemical procedures and analyses
Germ cell differentiation was assessed on Hematoxylin-Eosin stained sections, based on a morphological analysis according to Johnsen criteria (Johnsen, 1970) .
Connexin 43 (Abcam, AB11370) and claudin 11 (Santa Cruz SC25711) antibodies were used to identify BTB components (Gilleron et al., 2006; Gow et al., 1999) . AMH (Serotec MCA2246) antibody (Sharpe et al., 2003) and AR antibody (DAKO, AR 441) were exploited as markers of SC maturation (Rey et al., 2009) . Sections mounted on Superfrost Plus slides were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked by incubating the sections with 0.3% H 2 O 2 . The slides were then washed in deionized water for 5 min and placed in citrate buffer for 75 min at 98°C. Thereafter, they were washed in 0.05 M Tris-buffered saline (TBS) and 0.05% Triton X-100 (Sigma-Aldrich) and incubated at room temperature (RT) with 10% normal goat serum (NGS, Invitrogen) and 1% bovine serum albumin (BSA, Invitrogen) to block non-specific binding sites for 30 min. The primary antibody (diluted 1/200 for AMH, 1/100 for AR, 1/4000 for Connexin 43 and 1/400 for Claudin 11) was added to the sections and incubated overnight at 4°C in a humidified chamber. Nonspecific antibody binding was blocked by incubation of samples in 10% NGS and 1% BSA for 30 min at RT.
The following day, the slides were washed in 0.05 M TBS and 0.05% Triton X-100 three times for 2 min each and the secondary anti-mouse (for AMH and AR) or anti-rabbit (for claudin 11 and connexin 43) antibody (EnVision+ System-Labeled Polymer-HRP; DAKO K4001) was added and incubated for 60 min at RT, followed by washing in 0.05 M TBS and 0.05% Triton X-100 three times for 2 min each.
The sections were then incubated for 10 min at RT with the chromogen diaminobenzidine (DAKO K3468) and nuclei were counterstained with Mayer's hematoxylin after washing in tap water. Finally, the sections were dehydrated and mounted, to be scanned with a Leica SCN400 slide scanner (Leica Biosystems, WETZLAP, Germany).
For positive controls, monkey mature testicular tissue was used for both BTB proteins and monkey ITT was used for AMH. The primary antibody was omitted for negative controls.
Evaluation of the BTB formation using connexin 43 and claudin 11 expression patterns Connexin 43 and claudin 11 expressions were evaluated using a semiquantitative method based on a scoring system in all STs whose diameter ratio was 1:1 or 1:1.5 and whose tubular scoring was 3 or 4 (well preserved tubules, assessed with the criteria described in our previous work (de . Connexin 43 and claudin 11 immunostaining was recorded via a score which assigned 0 to the tubules where no staining was identified, and subsequently, we established the most advanced score for both proteins according to the most advanced stage observed in the positive controls (adult tissue). Claudin 11 showed a cytoplasmic diffuse pattern defined as score 1 or when absent score 0 was attributed. For connexin 43, score 1 was given for membranous localization, predominant in the apical localization and score 2 when its expression was present in the basal and lateral membrane of adjacent SCs.
We evaluated the expression of connexin 43 and claudin 11 according to the age of patient in the control population and at each culture timing in the in vitro samples.
Evaluation of SC maturation
AMH immunostaining was evaluated with a score taking into account its intensity of expression, going from 'strong' or 'moderate' to 'weak' and 'absent'. The ratio between stained tubules and the total of tubules was calculated. This method was previously applied for the cultured samples . Moreover, the age factor was categorized in five categories, and each one was compared to the reference category 0-3 years old. AR staining was evaluated as the ratio between the total number of AR positive SCs over the total number of well preserved tubules , and as the ratio between the total number of ARpositive SCs and the total number of SCs.
Evaluation of correlations with BTB formation and correlations with SC maturation
For the cultured samples, we analyzed whether there was a correlation between the evolution of the expression patterns of connexin 43 and claudin 11 and the decrease in AMH over the culture period.
For the control cohort, we studied the correlations between the expressions of both BTB proteins with age, AMH expression, clinical Tanner stages and presence of differentiating germ cells. We also assessed the correlations between AMH expression and age, histological differentiation and Tanner stages, respectively.
Statistical analysis
For the cultured fragments, the impacts of the medium and time period were assessed using a mixed-effect linear regression model. In this model, the patient effect was assumed to follow normal distribution and was therefore defined as a random effect, while time and medium were considered as fixed effects. An interaction effect between time and medium was included in each model to investigate whether the medium effect was similar between each time point. When non-significant (P > 0.05), this time-medium interaction effect was removed from the model. Results were expressed as mean values for all three patients. The evolution along culture of connexin 43 and claudin 11 and AMH were evaluated via a multivariate cumulative logistic mixed-effects model. For the control cohort, the Fisher test was exploited to investigate the interaction between connexin 43 and claudin 11 with age, anatomopathological results and Tanner stages. The correlation between AMH expression and connexin 43 or claudin 11 was assessed via Spearman test, and between AMH and Tanner stages and histological differentiation via Kruskal Wallis test. The correlations between AR and age, and AR and expression levels of claudin 11 and connexin 43, were assessed via a mixed linear regression model, a t-student test and Kruskal Wallis test, respectively. Moreover, the impact of time period on AMH was evaluated via a linear regression. The correlation between AMH expression and the ratio between the total number of ARpositive SCs and the total number of SCs was evaluated via the Pearson coefficient. P < 0.05 were considered significant.
Results
BTB establishment in the control population
Evaluation of the BTB formation and proteins' expression patterns A total of 5552 STs and a mean of 78.18 ± 69 STs/patient were analyzed for each protein. We showed a progressive change in the expression score of connexin 43 and claudin 11 with age (P ≤ 0.01 for both the proteins) (Fig. 1) . The expression of connexin 43 appeared after 9 years of age (score 1) and reached score 2 from 12 years onwards. For claudin 11, we observed a transient staining in the group of age 0-3 and its definitive expression was observed from 9 years of age onwards.
Evaluation of SC maturation in the control cohort
A total of 6885 STs, with a mean of 96.9 ST ± 70.3 STs per patient were analyzed. A mean of 64.6 ± 43.37% STs showed a 'strong' AMH expression and a mean of 13.4 ± 23.8% STs a 'moderate' AMH expression while a mean of 5.8 ± 15.3% and 15.9 ± 35% showed 'weak' or 'absent' AMH staining respectively.
In the age category 0-3 years old, a total of 2094 STs were analyzed. A mean of 98.2 ± 5.3% STs showed a 'strong' AMH staining and a mean of 1.2 ± 3.2% STs showed a 'moderate' AMH expression. A mean of 1 ± 3% STs expressed 'weak' AMH staining.
In the age category 3-6 years old, a total of 1463 STs were counted, and a mean of 90.8 ± 14.8% STs expressed a 'strong' AMH staining, while a mean of 9.2 ± 14.8% of STs expressed 'moderate' AMH.
In the age category 6-9 years old, a total of 1373 STs were analyzed. A mean of 63.8 ± 40.1% STs expressed 'strong' AMH, a mean of 26.9 ± 30.7% STs expressed 'moderate' staining, a mean of 8.9 ± 16.3% STs expressed 'weak' AMH and a mean of 0.5 ± 1.9% STs did not express AMH.
In the age category 9-12 years old, a total of 1121 STs were analyzed. A mean of 45.9 ± 46.1% STs expressed 'strong' AMH, a mean of 25 ± 31.9% expressed 'moderate' AMH, a mean of 10.3 ± 17.9% expressed 'weak' AMH and a mean of 18.6 ± 37.3% ST did not express AMH staining.
In the age category 12-16 years old, a total of 834 STs were analyzed. A mean of 22.2 ± 42.3% ST expressed 'strong' AMH, a mean of 3.9 ± 10.7% of STs expressed 'moderate' AMH, a mean of 9 ± 23% expressed 'weak' AMH staining and a mean of 64.9 ± 46,7% expressed no AMH.
A total of 4363 STs, with a mean of 69.2 ST ± 57.9 STs per patient were analyzed to count the AR-positive SCs. A total of 146433 SCs and 4962 STs were counted, and the mean of AR positive cells/ST was 11.5 ± 16.3, while the mean of AR-positive cells over the total number of SCs was 34.7 ± 32.9%.
Evaluation of the correlations with the BTB formation
The expression of connexin 43 and claudin 11 increased significantly with the reduction of 'strong' and 'moderate' AMH expression (P ≤ 0.01 for claudin 11 and connexin 43), and with the increase in AR expression (P = 0.03 for claudin 11 and P = 0.002 for connexin 43) as shown in Figure 2 .
A positive correlation between BTB proteins and the advancement of Tanner stages (P ≤ 0.001 and P ≤ 0.01 for connexin 43 and claudin 11, respectively) (Fig. 3) as well as between BTB proteins and the progression of germ cell differentiation (P ≤ 0.001 for connexin 43 and claudin 11) (Fig. 4) .
Evaluation of the correlations with SC maturation
We observed a statistical reduction in AMH expression with the increase in age (P ≤ 0.01), corresponding to a progressive maturation of SCs. A statistical difference in 'strong and moderate' AMH staining was found between the categories 0-3 and 9-12 (P = 0.003) and between the categories 0-3 and 12-16 (P ≤ 0.001). A statistically significant increase in the AR positive cells/ST ratio with increasing age (P ≤ 0.01) was observed (Fig. 5) . The ratio between AR-positive SCs and the total number of SCs also showed a significant increase (P ≤ 0.001) and was found to be negatively correlated with 'strong and moderate' AMH expression (coefficient −0.7).
A statistically significant correlation was found between the reduction of AMH expression and both the advancement of Tanner stages (P ≤ 0.01) and differentiation of germ cells (P ≤ 0.01) (Fig. 6 ).
BTB establishment during organotypic culture
Evaluation of the BTB formation and proteins' expression patterns A total of 769 STs (393 for M1 and 376 for M2) and a mean of 14.2 ± 3 STs/patient were analyzed.
Expression of connexin 43 is shown at the different culture timings in Figure 7 . Connexin 43 was expressed in the apical compartment of SCs (score 1). We showed a progressive increase of connexin 43 Figure 1 Organization of blood-testis barrier (BTB) in the cohort population according to age. (A) and (C) Represent the immunostaining for connexin 43 and claudin 11 in the youngest and in the oldest patient (1 and 16 years old) (magnification ×200). In the cutouts of the youngest patient are the positive controls for claudin 11 and connexin 43 staining using mature testicular tissue, and the staining in adult testicular tissue characterized by Sertoli cell-only, where the protein expression appears homogenously diffuse. In the cutouts for the oldest patients are details of the staining at higher magnification (×100). (B) and (D) Show each patient's score for connexin 43 and claudin 11, graphically reproduced. Besides a transient expression in the category of age 0-3 years old, a significant increase with age in expression of both proteins was observed (P ≤ 0.01 for both proteins) from the age of 9 onwards.
expression from Day 16 onwards (P = 0.001). Claudin 11 was constantly expressed for all the patients and all the culture timings. No difference between the two culture media was observed for the protein expressions. Images of claudin 11 and connexin 43 expression are shown in Figure 8 .
Evaluation of the correlations of the BTB and SC maturation
Using a multivariate cumulative logistic analysis, we showed that the effect of culture time is statistically significant both for AMH and BTB proteins' expressions (P ≤ 0.001 for both parameters).
Discussion
Increasing knowledge on the human testicular microenvironment in the pre-and peripubertal period is essential to improve in vitro culture conditions and outcomes since in vitro maturation of human spermatogonial stem cells has not been achieved so far Giudice et al., 2017; Wyns et al., 2010) . Our objective was therefore to assess the formation and protein expression patterns of the BTB in vitro in two different culture conditions compared to its establishment in vivo based on a pre-peripubertal cohort of patients. We chose to analyze two proteins which represent the main components of the tight (claudin 11) and gap (connexin 43) junctions, in order to perform a preliminary analysis of the formation of the BTB in vitro and in vivo since there is a lack of information about BTB in pre-and peripubertal boys. Considering the availability of pre and peripubertal samples and the small amount of the tissue provided for research purposes, only a limited number of analyses could be performed.
In our control cohort, we reported that claudin 11 and connexin 43 expression patterns showed a significant correlation with the advancement of age. We observed a transient expression of claudin 11 up to 3 years of age, which could be attributed to the mini-puberty phenomenon, characterized by an increase in testosterone production and a first wave of SC maturation known to be fundamental for the subsequent pubertal transition (Rey, 2014) . Apart from this, the BTB protein expression increased from 9 years of age onwards and its evolution towards the adult expression pattern was correlated with the advancement of the clinical signs of puberty (described by Tanner stages) and histological presence of differentiating germ cells. Furthermore, the progressive diminution in AMH expression and increase in AR expression as markers of SC maturation (Sharpe et al., 2003) were significantly correlated with the BTB establishment, age and clinical and histopathological signs of puberty, suggesting that during in vivo puberty these phenomena occur in an interdependent way and with a slow and progressive pace over the whole length of the pubertal transition period, lasting for a mean of 2-4 years (Marshall and Tanner, 1970) . respectively, considered as strong and moderate, and (B) the positive and negative immunostaining for AR. (C) The BTB expression scores for connexin 43 and claudin 11 were significantly correlated with the decrease in 'strong' and 'moderate' AMH expression (P ≤ 0.01 for both proteins) and the BTB expression scores for both the proteins were significantly correlated with the increase in AR staining (P = 0.03 for claudin 11 and P = 0.002 for connexin 43).
Such interdependence between progressive SC maturation and BTB establishment was also reported in the equine with the presence of a correlation between expression of connexin 43 and SC differentiation evidenced by decreasing AMH and increasing AR expression (Almeida et al., 2012) .
In the in vitro setting, we reported a significant decrease in AMH immunostaining , which indicates a progressive SC maturation in our culture system. Claudin 11 was constantly expressed in samples from the three patients (aged 2, 11 and 12 years old) from Day 0, which corresponded to the in vivo control results where claudin 11 was expressed in very young patients (0-3 years) and after 9 years of age, up to Day 139, showing the ability of the culture system to maintain this SC differentiated state. Moreover, in the cultured tissue, we found a modification in connexin 43 expression pattern which evolved from score 0 (absence) to 1 (presence predominant at apical localization) from Day 16 onwards, suggesting that the BTB was starting its protein expression and formation. Although the patients' age difference was wide, from 2 to 12 years, we did not observe any difference between the three patients with same Tanner stages and Johnsen scores (de Michele et al., 2017), suggesting that under culture conditions providing FSH and testosterone, ITT from 2 or 12-year-old patients could behave identically for BTB protein expression. The only exception was represented by P2 M2, whose expression of connexin 43 started at Day 3, maybe for a different degree of maturation of the tissue. However, the scarcity of human tissue prevented us from the recruitment of a wider population to perform a longitudinal study of the BTB formation and SC maturation in vitro in different groups of ages, which would allow a better understanding of the differences in prepubertal testicular tissue microenvironment in subsequent ages.
The capacity of SCs to undergo differentiation with BTB protein expression has been observed in the absence of some molecules supplied by the blood circulation like triiodothyronine (T3), known to regulate SC differentiation and connexin 43 expression (Gilleron et al., 2006) (Marchlewska et al., 2013) . However, since T3 might be responsible for the maturational shift in connexin 43 expression localization (Marchlewska et al., 2013) , the lack of this hormone could explain the incomplete achievement of an adult expression pattern of connexin 43. A further factor which is known to play a role in BTB formation is testosterone, which has been shown to promote BTB assembly, expression and integrity in mice, both in in vivo studies via AR KO mice (Ruwanpura et al., 2010; Verhoeven et al., 2010; Wang et al., 2009) and in vitro in SC cultures (Byers et al., 1986; Janecki and Steinberger, 1986; Kaitu'u-Lino et al., 2007; Yan et al., 2008) . In our in vitro system, we reported the secretion of testosterone at similar intratesticular levels to that reported in vivo in humans and a constant AR expression , suggesting that the differential BTB protein expression that we observed should not be related to the paracrine role of androgens in BTB protein expression regulation.
Displacement of BTB proteins in adult men affected by infertility due to impaired spermatogenesis suggests that a correct establishment of this sophisticated apparatus could play a role in spermatogenesis efficiency (Stammler et al., 2016; Steger et al., 1999) . Hence, the reasons for the lack of spermatogenesis completion observed in our previous work during an in vitro induced puberty still need to be fully addressed. Prolonged cultures, modification of culture media and evaluation of other BTB components could unveil more details about the effective protein expression and functionality of the BTB in vitro and disclose whether a modification in the expression patterns of its proteins could play a role in spermatogenesis arrest during in-vitro maturation of prepubertal testicular tissue.
A further element to consider in this regard is the possibility that the pace of testicular microenvironment modifications in vitro and in vivo may be different. In prepubertal mice, Rondanino et al. (2017) Figure 4 BTB expression and organization correlated with germ cell differentiation in the cohort population. The BTB expression scores for connexin 43 and claudin 11 were significantly correlated with the more advanced germ cell differentiation stage (P ≤ 0.001 for both proteins).
Figure 3 BTB expression and organization correlated with clinical puberty in the cohort population. The BTB expression scores for connexin 43 and claudin 11 were significantly correlated with the progression of Tanner stages (P ≤ 0.001 and P ≤ 0.01 for connexin 43 and claudin 11, respectively).
described the formation of the BTB at the same pace both in vitro in an organotypic culture system and in vivo as well as completion of spermatogenesis in those STs with an intact BTB. In our work, we reported SC maturation in a long-term organotypic culture even in tissue from a 2-year-old patient, with the expression of connexin 43 in a disorganized state after 16 days. However, in vivo, BTB formation appeared in patients older than 9 years of age, which suggests that in human tissue, during an in vitro-induced puberty, the BTB formation might not follow the same pace as it does in vivo. Acceleration of in vitro maturation during culture of adult testicular tissue was previously reported by Tesarik et al. (1998) , who described the differentiation from primary spermatocytes to round spermatids after 48 h of culture. However, while they reported an accelerated meiosis in postpubertal tissue, we only observed an acceleration of the differentiation of the supporting SCs cells, which most likely needs to be completed as a prerequisite for germ cell differentiation.
Since the physiological establishment of the pubertal testicular microenvironment in vivo with the onset of spermarche is quite variable and can require several years (Wyns et al., 2011) , we may expect that in vitro conditions could shorten the peripubertal modifications in the testicular microenvironment, with a consequent possible alteration in supporting cell maturation and, therefore, in germ cell molecular mechanisms of differentiation. Indeed, the effects of bypassing regulatory factors and cellular checkpoints, whose role is to control and coordinate the male gamete differentiation during spermatogenesis, could result in a subsequent inappropriate in vitro spermatogenesis establishment (Georgiou et al., 2007) . Further studies are awaited to assess the reasons for the in vitro maturation acceleration and its possible consequences on the epigenetic modifications of differentiating gametes. To the best of our knowledge, this is the first report of BTB formation in prepubertal human tissue cultured in a long-term organotypic system, compared to that in samples from a large cohort of 71 pre-peripubertal boys. A limitation of our work is linked to the scarcity of human ITT, which precludes the possibility to use culture fragments from a wider population, stratified according to different ages and Johnsen's scores, and to perform further analyses at a molecular level. In addition, in vivo study of the BTB is limited by the impossibility of performing a longitudinal assessment of its formation in the same patient, making the description of the BTB establishment and proteins' expressions in a physiological state quite difficult.
Conclusions
We described the BTB formation and main proteins expression in a large cohort of peripubertal patients, reporting strict correlations between BTB protein expression and clinical and histological signs of puberty and SC maturation. Moreover, we demonstrated the establishment of BTB after 16 days of culture in a long-term organotypic culture. This seems to be an accelerated timing compared to the progressive and slow establishment of tight and gap junctions in the in vivo control population, suggesting that in vitro conditions could shorten the peripubertal modifications of the prepubertal testicular microenvironment. The addition to the culture medium of molecules like T3, which are known to play a role in gap junction formation, could improve the BTB protein expression pattern in vitro. Further studies are therefore required to unravel additional components and establishment of the BTB in the peripubertal period in vivo and in vitro and to better understand its role in the completion of spermatogenesis.
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